Biochar for Climate Change Mitigation: Tracing the in-situ Priming Effect on a Forest Site  by Bruckman, Viktor J. et al.
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the GFZ German Research Centre for Geosciences
doi: 10.1016/j.egypro.2015.07.845 
 Energy Procedia  76 ( 2015 )  381 – 387 
ScienceDirect
(XURSHDQ*HRVFLHQFHV8QLRQ*HQHUDO$VVHPEO\(*8
'LYLVLRQ(QHUJ\5HVRXUFHV	(QYLURQPHQW(5(
%LRFKDUIRUFOLPDWHFKDQJHPLWLJDWLRQ7UDFLQJWKHin-situSULPLQJ
HIIHFWRQDIRUHVWVLWH
9LNWRU-%UXFNPDQDE7RUX7HUDGDE%DVDN%8]XQF(VLQ$SD\GÕQ9DUROF
-D\/LXG
a Commission for Interdisciplinary Ecol. Studies, Austrian Academy of Sciences, Dr. Ignaz Seipel-Platz 2, 1010 Vienna, Austria  
 b Department of Natural Environmental Studies, The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8563, Japan  
c Department of Chemical Engineering, Anadolu University, Iki Eylul Campus, 26470 Eskiúehir, Turkey 
d Department of Chemical Engineering, Pukyong National University, 365 Sinseon-ro, Nam-gu, Busan 608-739, Republic of Korea 
$EVWUDFW
$VLJQLILFDQWDPRXQWRI&DUERQ&RQJOREDOVRLOVFRQVLVWVRIEODFNFDUERQRUFKDUUHGRUJDQLFPDWWHU%LRFKDUDPHQGPHQWLQ
VRLOVLVWKHUHIRUHVHHQDVDSRWHQWLDOJHRHQJLQHHULQJPHWKRGIRUFOLPDWHFKDQJHPLWLJDWLRQDQGDGDSWDWLRQ:HWHVWHGWKHHIIHFWVRI
ELRFKDUDPHQGPHQWWKDRQVRLOUHVSLUDWLRQWUDFHDSRWHQWLDOSULPLQJHIIHFWXQWLOPRQWKVDIWHUDPHQGPHQW2XUUHVXOWV
LQGLFDWH WKDW DIWHU D VKRUW SHULRG RI LQLWLDOO\ ZHDN SRVLWLYH SULPLQJ WKHUH ZDV QR VLJQLILFDQW GLIIHUHQFH EHWZHHQ FRQWURO DQG
ELRFKDU SORWV GXULQJ WKH HQWLUH SURMHFW GXUDWLRQ)URPD FDUERQ VHTXHVWUDWLRQ SRLQW RI YLHZ LW FDQ EH FRQFOXGHG WKDW ELRFKDU
DPHQGPHQWOHDGVWRKLJKHUVWDEOH&VWRFNVLQWKHRUJDQLFKRUL]RQ

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH*)=*HUPDQ5HVHDUFK&HQWUHIRU*HRVFLHQFHV
Keywords:%LRFKDUFDUERQVHTXHVWUDWLRQSULPLQJHIIHFWIRUHVWU\VRLOUHVSLUDWLRQ





&RUUHVSRQGLQJDXWKRU7HO
E-mail address:YLNWRUEUXFNPDQ#RHDZDFDW

Available online at www.sciencedirect.com
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the GFZ German Research Centre for Geosciences
382   Viktor J. Bruckman et al. /  Energy Procedia  76 ( 2015 )  381 – 387 
,QWURGXFWLRQ
%LRFKDU DPHQGPHQW LQ DJULFXOWXUDO VRLOV LV RI LQWHUHVW IRU D JURZLQJ UHVHDUFK FRPPXQLW\ LQ WKH VRLO V\VWHP
VFLHQFHVDQGHQYLURQPHQWDOGRPDLQ,W LVGHILQHGDVRUJDQLFPDWWHUZKLFKZDVVXEMHFW WR WKHUPDO WUHDWPHQWXQGHU
ORZ RU R[\JHQIUHH DPELHQW FRQGLWLRQV 7KH VROLG UHVLGXDO PDWHULDO RIWHQ UHIHUUHG WR DV ³EODFN FDUERQ´ >@
UHSUHVHQWVWKHWUDQVIRUPHGVWRFNRIFDUERQWKDWZDVSUHVHQWLQWKHRULJLQDOELRJHQLFIHHGVWRFN
7KH SURFHVV RI KHDWLQJ ELRJHQLFPDWHULDO XQGHU ORZR[\JHQ FRQGLWLRQV LV GHILQHG DV S\URO\VLV ZKHUH VHYHUDO
VSHFLILF W\SHV H[LVW )DVW DQG VORZ S\URO\VLV DUH WKH WZRPRVW FRPPRQ V\VWHPV DQG WKH FKRLFH XSRQ D VSHFLILF
V\VWHPLVGHWHUPLQHGPDLQO\DFFRUGLQJWRWKHGHVLUHGILQDOSURGXFWV:KHUHDVVORZS\URO\VLVSURGXFHVFRQVLGHUDEOH
DPRXQWVRIFKDUDQGV\QJDVWKDWFDQEHXVHGWRPDLQWDLQWKHS\URO\VLVSURFHVVIDVWS\URO\VLVLVVXLWDEOHLIELRRLOLV
WKHPDLQSURGXFW$JRRGRYHUYLHZRIFXUUHQWS\URO\VLVWHFKQRORJLHVIRUQRQVSHFLDOLVWVFDQEHIRXQGLQWKHUHFHQWO\
SXEOLVKHGERRN³%LRPDVV3RZHUIRUWKH:RUOG´WKDWZDVSUHVHQWHGGXULQJWKHUG(XURSHDQ%LRPDVV&RQIHUHQFH
DQG([KLELWLRQLQ9LHQQD>@DQGLQDPRUHWKHRUHWLFDOEXWKROLVWLFUHYLHZ>@
,QJHQHUDOELRFKDUDQGVLPLODUDURPDWLFEODFNFDUERQVDUHPRUHVWDEOHLQWKHHQYLURQPHQWWKDQDQ\RWKHUIRUPRI
RUJDQLFFDUERQ>@7KHUHDVRQIRUWKLVLVWKHWUDQVIRUPDWLRQRIFDUERQRQPROHFXODUOHYHOWRZDUGVXQVDWXUDWHGIRUPV
VXFKDVDURPDWLFULQJVDQGWKHSURJUHVVLYHORVVRI+DQG2>@DVWKHYRODWLOHFRPSRQHQWVDUHGULYHQRII7KHPRVW
VLJQLILFDQW LPSDFW RQ WKH JUDGH RI WUDQVLWLRQ DQG WKHUHIRUH WKH ILQDO ELRFKDU SURSHUWLHV KDV WKH SURFHVV SHDN
WHPSHUDWXUHRUKLJKHVWWUHDWPHQWWHPSHUDWXUH+77DPRQJRWKHUVVXFKDVS\URO\VLVW\SHUHDFWRUUHVLGHQFHWLPH
IHHGVWRFNPDWHULDODQGSUHDQGSRVWWUHDWPHQW
$V D FRQVHTXHQFH RI FOLPDWH FKDQJH WKHUH DUH D QXPEHU RIPLWLJDWLRQ HIIRUWV GLVFXVVHG 6XFK HIIRUWV FDQ EH
VXPPDUL]HGXQGHUWKHFRPPRQWHUPRI³JHRHQJLQHHULQJ´ZKLFKDLPVDWHLWKHUUHGXFLQJLQFRPLQJVRODUUDGLDWLRQRU
UHPRYLQJFDUERQGLR[LGH &2 IURP WKHDWPRVSKHUH WRFRXQWHU WKHJUHHQKRXVHHIIHFW >@%LRFKDUDPHQGPHQW WR
VRLOVLVRQHSDUWLFXODUSURSRVHGPHWKRGLQWKHODWWHUFDWHJRU\DVDFRQVHTXHQFHRIWKHKLJKFDUERQFRQWHQWW\SLFDOO\
ޓDQGWKHDERYHPHQWLRQHGUHFDOFLWUDQFHDJDLQVWGHFRPSRVLWLRQHVSHFLDOO\LIDKLJKDURPDWLFFRPSRVLWLRQLV
SUHVHQW >@ ,Q FRPELQDWLRQZLWK LWV XQLTXH SURSHUWLHV WKDW VLJQLILFDQWO\ LQIOXHQFH VRLO FKHPLVWU\ HJ S+ FDWLRQ
H[FKDQJH FDSDFLW\ &(& QXWULHQW OHYHOV DQG UHWHQWLRQ SK\VLFDO SURSHUWLHV HJ EXON GHQVLW\ SRURVLW\ ZDWHU
KROGLQJ FDSDFLW\ :+& DQG VRLO ELRWD LQ D ZLGHU FRQWH[W KDELWDW IRU PLFURELDO DQG IXQJDO FRPPXQLWLHV
LQYHUWHEUDWHVDOJDHHWFELRFKDUPD\SURYLGHDQLPSRUWDQWPLWLJDWLRQDQGDGDSWDWLRQSRWHQWLDO>@+RZHYHU
FHUWDLQWUDGHRIIVDVIRULQVWDQFHVRLOHQKDQFLQJSURSHUWLHVYHUVXV&VHTXHVWUDWLRQSRWHQWLDOQHHGWREHFRQVLGHUHG
GXULQJWKHSURGXFWLRQSURFHVV>@
7KHDLPRIWKLVVWXG\ZDVWRLQYHVWLJDWHVRLOUHVSLUDWLRQSDWWHUQVDIWHUDPHQGPHQWRIELRFKDULQin-situFRQGLWLRQV
DV WKLVZRXOGGHWHUPLQH LI D VLJQLILFDQWSULPLQJHIIHFW FDQEHREVHUYHG$SRVLWLYHSULPLQJHIIHFWZRXOG LQGLFDWH
HOHYDWHGPLFURELDODFWLYLW\DQGUHVSLUDWLRQDQGWKXVDGHFUHDVHLQVRLORUJDQLFFDUERQRULJLQDWLQJIURPWKHDPHQGHG
ELRFKDU LQWULQVLF RUJDQLFPDWWHU RU ERWK2Q WKH FRQWUDU\ D QHJDWLYH SULPLQJ HIIHFWZRXOG LQGLFDWH LQKLELWLRQ RI
PLFURELDODFWLYLW\OLNHO\WULJJHUHGE\VXGGHQFKDQJHVLQVRLOFKHPLVWU\DQGFRQVHTXHQWO\DQLQFUHDVHRIWRWDORUJDQLF
FDUERQVWRFNV
0DWHULDOVDQGPHWKRGV
7KHVWXG\VLWHLVORFDWHGLQ/RZHU$XVWULDFORVHWRWKHERUGHUWR&]HFK5HSXEOLFDW¶´1¶´(
DQGPDVO7KHDUHDUHFHLYHVDPHDQDQQXDOSUHFLSLWDWLRQRIPPDWDQDYHUDJHWHPSHUDWXUHRI&7KH
ORZHVWPRQWKO\PHDQWHPSHUDWXUHZDVREVHUYHGLQ)HEUXDU\&DQGWKHKLJKHVWLQ-XO\&6QRZFRYHU
FDQEHH[SHFWHGRQGD\VSHU\HDULQWKHPRQWKV2FWREHUWR$SULO
7KHVRLODW WKHH[SHULPHQWDOSORW ORFDWLRQ LVFODVVLILHGDV'\VWULF&DPELVRODFFRUGLQJ WR:5%>@RQ(LVJDUQ
JUDQLWHZKLFKLVFKDUDFWHUL]HGE\LWVFRDUVHJUDLQVDQGDKLJKTXDUW]FRQWHQW
7KH IRUHVW PDQDJHPHQW LV GRPLQDWHG E\ FRQYHQWLRQDO ORJJLQJ ZLWK URWDWLRQ SHULRGV RI DURXQG  \HDUV
KRZHYHU WKH VSHFLILF SORW ORFDWLRQ LV SURQH WRZLQGWKURZ HYHQWV 7KH ODVW HYHQWZDV LQ  UHPRYLQJ DOPRVW
KDRIVSUXFHPicea abiesGRPLQDWHGIRUHVW&RQVHTXHQWO\WKHPDMRUSDUWRIWKHSORWFRQVLVWVRIUHJHQHUDWLRQRI
XS WR\HDUVZLWKVRPHUHPDLQLQJ LQGLYLGXDOVRI WKHSUHYLRXV\HDUVROGSXUHVSUXFHVWDQGRQ WKHVRXWKHUQ
HGJH RI WKH SORW 7KH UHJHQHUDWLRQ LV GRPLQDWHG E\ VSUXFH DQG VRPH HDUO\ VXFFHVVLRQDO EURDGOHDYHG VSHFLHV
JHUPLQDWLQJRQEDUHVRLOH[SRVHGE\XSURRWLQJGXULQJWKHZLQGWKURZHYHQW
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WKDRIELRFKDUIURPSXUHVSUXFHZRRGFKLSV++7&3\UHJSURFHVVS+JUDLQVL]HXSWRPPZDV
DSSOLHGRQRXWRIVXESORWVPDQXDOO\LQHDUO\-XO\6RLOUHVSLUDWLRQZDVPHDVXUHGDWSHUPDQHQWVDPSOLQJ
SRLQWV RQELRFKDUDPHQGHGSORWVDQGRQFRQWUROSORWV UHVSHFWLYHO\DIWHUDQGZHHNVRI
DPHQGPHQWXVLQJD/,&25/,$6RLO&2 IOX[ V\VWHPZLWKDQDWWDFKHGFPVXUYH\FKDPEHU6RLO FRUHV
ZHUHREWDLQHGLPPHGLDWHO\DIWHUELRFKDUDPHQGPHQWLQRUGHUWRDVVHVVWKHFXUUHQWVWRFNRIRUJDQLFFDUERQWRD
GHSWKRIFPDQGWRFRQILUPWKHDPRXQWRIDPHQGHGELRFKDU9HJHWDWLRQRQWKHVWXG\SORWZDVPDSSHGE\XVLQJ
SKRWRV WDNHQ IURPDQXQPDQQHGDHULDOYHKLFOH 8$9'-,3KDQWRP9ZLWK DQ DWWDFKHGZLGH DQJOH FDPHUD
*2352+HUR
7RWDOFDUERQZDVDQDO\VHGE\PHDQVRIGU\FRPEXVWLRQIROORZLQJWKHSURFHGXUHGHVFULEHGLQ>@KRZHYHULW
ZDVDVVXPHGWKDWWRWDOFDUERQ RUJDQLFFDUERQ&
*HRVWDWLVWLFDOPHWKRGVZHUHDSSOLHGWRSURGXFHVSDWLDOVRLOUHVSLUDWLRQPRGHOVE\XVLQJ5YHUVLRQ
ZLWKWKHSDFNDJHV³*UDSKH5´DQG³5*HRVWDW´>@
5HVXOWVDQGGLVFXVVLRQ
7KHPHDQS+YDOXH+2LQDOOVRLOKRUL]RQVZDVGHWHUPLQHGWREH$VDFRQVHTXHQFHRIWKLVUHVXOW
DQG WKH H[SHFWHG DEVHQFH RI FDUERQDWH PDWHULDO LQ WKH VWXG\ UHJLRQ ZH VNLSSHG GHWHUPLQDWLRQ RI VRLO LQRUJDQLF
FDUERQ&GHWHUPLQDWLRQUHYHDOHGQRVLJQLILFDQWGLIIHUHQFHRI&VWRFNVRIVRLOKRUL]RQVSYDOXHVRIDQG
IRUVRLOKRUL]RQVFPFPDQGFPUHVSHFWLYHO\7KLVLQGLFDWHVDFRPSDUDEOHEDVHOLQHLQWHUPV
RI&VWRFNVEHWZHHQWKHWUHDWPHQWV,QDGGLWLRQWKHRUJDQLFKRUL]RQUHYHDOVDWUHQGWRZDUGVDKLJKHU&VWRFNEXWWKH
GLIIHUHQFHZDV LQVLJQLILFDQWZLWKDSYDOXHRIDQGDQRYHUDOO VWDQGDUGGHYLDWLRQRI WKHPHDQVGRI
0JKDFP7KHUHDVRQFDQEHH[SODLQHGE\WKHUHODWLYHO\VPDOOVDPSOHDUHDRIVRLOFRUHVFPSHUFRUH[ 
FPSHUVDPSOHSRLQWDQGWKHKLJKGHYLDWLRQDVDFRQVHTXHQFHRIWKHKHWHURJHQHLW\RIWKHIRUHVWIORRUDQGWKHUHIRUH
FDUERQ VWRFNV DVZHOO DV WKHPLFUR VXUIDFH URXJKQHVV DQG WKH UHVXOWLQJ XQHYHQ GLVWULEXWLRQ RI ELRFKDU SDUWLFOHV
+RZHYHUWKHWUHQGVKRZVFOHDUO\WKHHIIHFWRIELRFKDUDPHQGPHQWYHUVXVWKHFRQWUROSORWDVVKRZQLQ)LJ

)LJ7RWDOFDUERQ&VWRFNVSHUKRUL]RQDQGFP7KHHIIHFWRIELRFKDUDPHQGPHQWRQWKHVXUIDFHFDQEHREVHUYHGIURPWKHVLJQLILFDQW
KLJKHU&VWRFNVLQWKHRUJDQLFKRUL]RQOLWWHUOD\HU(UURUEDUV6(

6RLOUHVSLUDWLRQ56FRQVLVWVRIPDLQO\WZRHOHPHQWVQDPHO\DXWRWURSKLFUHVSLUDWLRQURRWUHVSLUDWLRQ5$DQG
KHWHURWURSKLFUHVSLUDWLRQUHVSLUDWLRQE\VRLORUJDQLVPV5+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RWKHU VWXGLHVFLWHG LQ WKLV UHSRUW ,QJHQHUDO LQFUHDVLQJVRLO WHPSHUDWXUHVDUHSRVLWLYHO\FRUUHODWHGZLWK5+DV VRLO
PLFUREHV EHFRPH PRUH DFWLYH > @ )LJ  LQGLFDWHV WKH UHODWLRQVKLS EHWZHHQ WKH VRLO WHPSHUDWXUH DQG 56
PHDVXUHGin situ:KLOHWKHPHDQWHPSHUDWXUHUHFRUGHGRQZDV&ZHREVHUYHG&
RQ  7KHUHIRUH ZH DVVXPH VWDEOH DQG XQELDVHG UHVXOWV GHVSLWH WKH WHPSHUDWXUH HIIHFW RQ 56 KHUH
HVSHFLDOO\WKRVHUHODWHGZLWK5+


)LJ6RLOWHPSHUDWXUHYHUVXV&2IOX[RQOHIWDQGULJKW'DVKHGOLQHVLQGLFDWHWKHFRQILGHQFHLQWHUYDO

56ZDVUHFRUGHGHLJKWWLPHVZLWKLQPRQWKVDIWHUDPHQGPHQW)LJEXWDVLJQLILFDQWSRVLWLYHSULPLQJHIIHFW
DOWKRXJK ZHDN ZDV RQO\ REVHUYHG DW WKH ILUVW REVHUYDWLRQ  ZHHNV DIWHU ELRFKDU DPHQGPHQW S    7KH
PDJQLWXGHRIIXUWKHUREVHUYDWLRQVLVPDLQO\LQIOXHQFHGE\DPELHQWWHPSHUDWXUHDQGWKXVPLFURELDODFWLYLW\5+DQG
5$ ODWWHUSUREDEO\EHLQJWKHPDLQFDXVHIRU WKHODUJHUYDULDWLRQGXULQJVXPPHUPRQWKV,QDGGLWLRQVRLOPRLVWXUH
SDWWHUQV WKDW UHVXOW IURP VSDWLDO YHJHWDWLRQZDWHU XSWDNHPD\ DOVR SOD\ D VLJQLILFDQW UROH LQ WKH REVHUYHG KLJKHU
UHVSLUDWLRQYDULDWLRQLQVXPPHUPRQWKV2EVHUYDWLRQVRQVLWHGXULQJWKHPHDVXUHPHQWVVXJJHVWWKDWWKH2KRUL]RQRI
ELRFKDUDPHQGHGSORWVZDVZHWWHUWKDQRQWKHFRQWUROSORWV+RZHYHUWKLVGLIIHUHQFHZDVQRWVLJQLILFDQWDVUHYHDOHG
IURP VRLO PRLVWXUH PHDVXUHPHQWV LQ WKH PLQHUDO KRUL]RQ:H DVVXPH WKDW WKH LPSURYHG ZDWHU KROGLQJ FDSDFLW\
PLJKWKDYHDQHIIHFWRQVRLOUHVSLUDWLRQRQO\DIWHUWKHELRFKDULVLQFRUSRUDWHGLQWRWKHPLQHUDOVRLOWRSVRLOKRUL]RQ
6XEVHTXHQWUHVSLUDWLRQPHDVXUHPHQWVLQGLFDWHWKDWWKHLQLWLDOO\ZHDNSRVLWLYHSULPLQJHIIHFWPD\UHYHUVHWRZDUGVD
QHJDWLYHSULPLQJHIIHFWDOWKRXJKWKHGLIIHUHQFHVZHUHLQVLJQLILFDQWS ±
7KHWUHQGKRZHYHUSRLQWVDWDQHIIHFWWKDWZDVSUHYLRXVO\GHVFULEHGDV³V\QHUJLVWLF&VHTXHVWUDWLRQ´LQZKLFK
ELRFKDU VWDELOL]HV ODELOHRUJDQLFPDWWHU 20GHULYHG IURPFRPSRVW >@EXW LV LQ FRQWUDVW WR D VWXG\ WKDW IRXQG
IRUHVWKXPXV ORVVHV WULJJHUHGE\ILUHGHULYHGFKDUFRDO LQERUHDO IRUHVWV >@3ULPLQJFDQEHJHQHUDOO\SRVLWLYHRU
QHJDWLYH)RULQVWDQFHSULPLQJGLUHFWLRQVDQGPDJQLWXGHUDQJLQJIURPWRZHUHREVHUYHGDIWHURQH\HDULQ
DQH[SHULPHQWZLWKGLIIHUHQWELRFKDUVRLOPL[WXUHV>@7KHDXWKRUVIXUWKHUQRWHGWKDWELRFKDUSURGXFHGDWKLJKHU
WHPSHUDWXUHV ޓ & DQG ZKHUH WKH IHHGVWRFN LV ZRRG W\SLFDOO\ VKRZHG D ORZ & PLQHUDOL]DWLRQ QHJDWLYH
SULPLQJ0RUHVSHFLILFDOO\WKHKLJKHUFRQWHQWRIYRODWLOHRUJDQLFFRPSRXQGV92&¶VLQELRFKDUSURGXFHGDWORZHU
WHPSHUDWXUHVVHHPVWREHQHILWKLJKHUPLQHUDOL]DWLRQUDWHVDQGKHQFHDVWURQJHUSRVLWLYHSULPLQJHIIHFW>@
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DVVXPH WKDW WKH QHJDWLYH SULPLQJ HIIHFW PLJKW EH HYHQ PRUH SURQRXQFHG LQ IXWXUH 7KHUHIRUH ZH ZLOO IXUWKHU
LQYHVWLJDWHVRLOUHVSLUDWLRQDQG&SRROVRQRXUin-situSORWV
)UHVKO\ SURGXFHG ELRFKDU FRQWDLQV YDULRXV DPRXQWV RI & LQ GLIIHUHQW IUDFWLRQV DFFRUGLQJ WR LWV VWDELOLW\ >@
UHVXOWLQJIURPIHHGVWRFNSURSHUWLHVDQGWKHS\URO\VLVFRQGLWLRQV
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Fig. 3. Total soil respiration (RS) observations until 15 months after biochar amendment on the forest soil surface (10 Mg ha-1). No significant 
difference was observed despite immediately (2 weeks) after amendment. 
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